Helicobacter pylori is a causative agent of gastritis and peptic ulcer. cagA ؉ H. pylori strains are more virulent than cagA ؊ strains and are associated with gastric carcinoma. The cagA gene product, CagA, is injected by the bacterium into gastric epithelial cells and subsequently undergoes tyrosine phosphorylation. The phosphorylated CagA specifically binds SHP-2 phosphatase, activates the phosphatase activity, and thereby induces morphological transformation of cells. CagA proteins of most Western H. pylori isolates have a 34-amino acid sequence that variably repeats among different strains. Here, we show that the repeat sequence contains a tyrosine phosphorylation site. CagA proteins having more repeats were found to undergo greater tyrosine phosphorylation, to exhibit increased SHP-2 binding, and to induce greater morphological changes. In contrast, predominant CagA proteins specified by H. pylori strains isolated in East Asia, where gastric carcinoma is prevalent, had a distinct tyrosine phosphorylation sequence at the region corresponding to the repeat sequence of Western CagA. This East Asian-specific sequence conferred stronger SHP-2 binding and morphologically transforming activities to Western CagA. Finally, a critical amino acid residue that determines SHP-2 binding activity among different CagA proteins was identified. Our results indicate that the potential of individual CagA to perturb host-cell functions is determined by the degree of SHP-2 binding activity, which depends in turn on the number and sequences of tyrosine phosphorylation sites. The presence of distinctly structured CagA proteins in Western and East Asian H. pylori isolates may underlie the strikingly different incidences of gastric carcinoma in these two geographic areas.
A spiral Gram-negative microaerophilic bacterium, Helicobacter pylori, is present in the stomachs of at least half of the world's populations. It causes chronic inflammation that is frequently associated with atrophic gastritis and peptic ulcer disease. Epidemiological studies have suggested, and animal studies have confirmed, that the chronic infection of H. pylori is an important risk factor for the development of gastric carcinomas (1) (2) (3) (4) (5) . Accordingly, the World Health Organization has classified H. pylori as a class I carcinogen. The presence of a functional cag pathogenicity island (cagPAI), a 40-kb DNA segment integrated in the H. pylori chromosome (6, 7) , is associated with enhanced virulence as measured by the mucosal inflammation (8, 9) . The cagPAI DNA segment contains genes constituting a type IV secretion apparatus, as well as the cagA gene that encodes an Ϸ145-kDa CagA protein (6, 7, 10 (11) (12) (13) .
H. pylori elicits its pathological activity at least partly through direct contact with the target gastric epithelial cells. Of note is an induction of a growth factor-like cellular morphological change termed the hummingbird phenotype, which is characterized by dramatic cell elongation that occurs by means of the attachment of cagA ϩ but not cagA Ϫ H. pylori strains to the cells (14, 15) . During the bacterium-gastric epithelial cell interaction, H. pylori injects CagA directly into the attached cells by means of the bacterial type IV secretion apparatus (16) (17) (18) (19) . The translocated CagA protein localizes to the inner surface of the plasma membrane and subsequently undergoes tyrosine phosphorylation in the host cells by the Src family protein tyrosine kinase (20, 21) . We have recently shown that CagA binds an Src homology 2 (SH2)-containing tyrosine phosphatase SHP-2 in a tyrosine phosphorylation-dependent manner and stimulates the phosphatase activity of SHP-2 (22) . Membrane tethering and activation of SHP-2 by the tyrosine phosphorylated CagA are necessary and sufficient for the induction of the hummingbird phenotype. Because SHP-2 plays an important role in both cell growth and cell motility, deregulation of SHP-2 by CagA may be involved in the induction of abnormal proliferation and movement of gastric epithelial cells, a cellular condition eventually leading to gastritis and gastric carcinoma.
Although CagA is an H. pylori virulence factor, the presence of CagA is not sufficient for the prediction of disease outcome in H. pylori infection. Structural analyses have shown that the CagA protein varies in size in different strains (10, (23) (24) (25) . The size variation correlates with the presence of a variable number of repeat sequences located in the C-terminal region of CagA and also involves amino acid sequence diversity both within and outside the repeat region. These sequence variations raise an intriguing possibility that the biological activity of CagA can vary from one strain to the next, which may influence the pathogenicities of different cagA ϩ H. pylori strains. Here, we show that the potential of individual CagA to perturb host-cell functions is determined by the degree of SHP-2 binding activity, which depends in turn on the number and sequences of tyrosine phosphorylation sites. We also provide evidence that prevalent CagA proteins in East Asian countries are significantly more potent in binding SHP-2 and in inducing cellular morphological changes than are CagA proteins of Western isolates. Differences in the biological activities of Western and East Asian CagA proteins may underlie the striking difference in gastric cancer incidence between these two geographic areas.
Materials and Methods
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glutinin (HA)-or Flag-epitope-tagged. CagA mutants were generated from the HA-tagged, 11637-CagA by using a Chameleon site-directed mutagenesis kit (Stratagene). Human SHP-2 cDNA was tagged with Myc-epitope as described (22) . To disable the N-terminal SH2 domain of SHP-2 (SHP-2-SH2⌬N-Myc), Arg-32 (R32) and His-53 (H53) were changed to alanine residues. Similarly, R138 and H169 were replaced with alanines to disable C-terminal SH2 domain function (SHP-2-SH2⌬C-Myc). SHP-2-SH2⌬NC-Myc was generated by substituting R32, H53, R138, and H169 with alanine residues. The DNAs were inserted into the pSP65SR␣ mammalian expression vector. All CagA constructs were HA-epitope-tagged unless otherwise noted.
Cell Culture and Transfection. Human AGS gastric epithelial cells and monkey COS-7 cells were cultured in RPMI medium 1640 and DMEM, respectively, with 10% (vol͞vol) FBS. CagA and SHP-2 expression vectors were transfected into the cells as described (22) . Thirty g of plasmids was transfected into AGS cells (1.8 ϫ Antibodies. HA epitope-specific polyclonal antibody Y-11 (Santa Cruz) and anti-HA monoclonal antibody 12CA5 were used as primary antibodies for immunoblotting and immunoprecipitation of HA-tagged CagA, respectively. Anti-Myc monoclonal antibody 9E10 and anti-Flag monoclonal antibody M2 (Sigma) were used for immunoblotting and immunoprecipitation. Antiphosphotyrosine monoclonal antibody 4G10 was purchased from Upstate Biotechnology (Lake Placid, NY) and used for immunoblotting.
Immunoprecipitation and Immunoblotting. AGS or COS-7 cells were harvested at 36 h after transfection and lysed in lysis buffer (50 mM Tris⅐HCl, pH 7.5͞100 mM NaCl͞5 mM EDTA͞1% Brij-35) containing 2 mM Na 3 VO 4 , 2 mM PMSF, 10 g͞ml leupeptin, 10 g͞ml trypsin inhibitor, and 10 g͞ml aprotinin (22) . The cell lysates were treated with the appropriate antibody, and then immune complexes were trapped on protein A-or protein G-Sepharose beads. The immunoprecipitates were subjected to SDS͞PAGE. Proteins transferred to poly(vinylidene difluoride) (PVDF) membrane filters were incubated in primary antibodies at 0.3 g͞ml (anti-HA, anti-SHP-2, anti-Myc, or anti-phosphotyrosine antibody) or 6 g͞ml (anti-Flag antibody) in PBS containing 0.6% Tween-20, 1% skim milk, and 0.1% BSA and then visualized by using Western Blot Chemiluminescence Reagent (NEN). Intensities of chemiluminescence on the immunoblotted filter were quantitated by using a luminescent image analyzer (LAS-1000, Fuji). 
Results

Identification of in Vivo Tyrosine Phosphorylation Sites in the EPIYA-
Containing Repeat Sequence of CagA. The CagA protein from H. pylori standard strain NCTC11637 (11637-CagA, see Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org) possesses five glutamic acid-prolineisoleucine-tyrosine-alanine (EPIYA͞D1͞R1) motifs that are potential targets of tyrosine phosphorylation (10, 23) . Phosphorylation of 11637-CagA was observed with WT but not mutant in which all of the tyrosine residues present in all of the EPIYA motifs were replaced by alanine (22) . This result indicates that at least one of the EPIYA motifs was phosphorylated in vivo. Furthermore, the tyrosine phosphorylation was essential for the interaction of CagA with SHP-2.
First, we wished to know which EPIYA motif(s) was phosphorylated and was involved in SHP-2 binding in vivo. The first and second EPIYA motifs (designated EPIYA-A and EPIYA-B, respectively) are present in the CagA proteins specified by almost all isolates of H. pylori, whereas the remaining three EPIYA motifs (EPIYA-C) were made by duplication of an EPIYA-containing 34-amino acid sequence stretch (10) . Because the sequence exists in various numbers ranging from 0 to 3 in most CagA proteins from H. pylori isolated in Western countries such as those of Europe, America, and Australia ( Fig.  5 and Table 1 , which are published as supporting information on the PNAS web site; refs. 23-25), we designated it the ''Western CagA-specific sequence'' (WSS; Fig. 1a) . The major CagA proteins carried by Western isolates have a single WSS and, thus, are classified as EPIYA-A-B-C types (23, 24) , whereas 11637-CagA is classified EPIYA-A-B-C-C-C type because it has three repeats of WSS.
To determine the in vivo tyrosine phosphorylation sites of Western CagA, we generated EPIYA mutants, abCCC and ABccc, from 11637-CagA (Fig. 1a) . In the abCCC mutant, EPIYA-A and EPIYA-B were converted into a phosphorylationresistant EPIAA sequence. Similarly, three EPIYA-C motifs were replaced by EPIAA to make the ABccc mutant. In AGS cells, abCCC was efficiently phosphorylated, whereas ABccc was not (Fig. 1b) , indicating that the tyrosine residues in EPIYA-C (20, 26) . Next, we generated a series of 11637-CagA mutants in which three EPIYA-C motifs had been converted into EPIAA in all possible combinations (Fig. 1a) . Upon expression in AGS human gastric epithelial cells, the levels of CagA phosphorylation were proportional to the number of EPIYA-C but were independent of the EPIYA-C positions (Fig. 1c) , indicating that each of the three EPIYA-C motifs in 11637-CagA was equally phosphorylated in AGS cells. CagA binds SHP-2 in a tyrosine phosphorylation-dependent manner (22) . Upon binding, CagA activates SHP-2 and induces in gastric epithelial cells a highly elongated cell morphology termed the hummingbird phenotype (22) . To determine the relationship between the degree of CagA phosphorylation and biological activity of CagA, we examined SHP-2 complex formation and the hummingbird phenotype induction by each of the EPIYA mutants. As expected, ABccc, which did not undergo tyrosine phosphorylation, failed to bind SHP-2. In contrast, CagA proteins having a single EPIYA-C, while receiving tyrosine phosphorylation, were capable of binding SHP-2. Elevated CagA phosphorylation, as a result of an increased number of EPIYA-C, significantly increased CagA-SHP-2 complex formation and potentiated the ability of CagA to induce the hummingbird phenotype ( Fig. 1 c and d) . Thus, among the Western CagA proteins, the number of EPIYA-C, which increases as a result of WSS duplication, is a critical determinant of CagA to disturb cell signaling as a virulence factor.
Involvement of the SH2 Domains of SHP-2 in CagA Binding. SHP-2 possesses two SH2 domains, the N-SH2 and C-SH2, each of which can independently bind a phosphotyrosine-containing peptide (27) . The observation that CagA with a single EPIYA-C was still capable of binding SHP-2 suggested that occupation of one of the two SH2 domains of SHP-2 may be sufficient for the complex formation between CagA and SHP-2. To our surprise, however, inactivation of either of the SH2 domains by introducing point mutations abolished CagA-binding activity of SHP-2 ( Fig. 2a) . This result indicates that both of the SH2 domains are required for the stable complex formation with CagA. With this notion in mind, we wondered if CagA proteins are present as multimers such as dimers in the host cells. To address this, we performed cotransfection experiments and found that HAtagged CagA and Flag-tagged CagA were capable of forming a physical complex within the cell (Fig. 2b) . The result indicates that a single SHP-2 protein may interact simultaneously with a tyrosine-phosphorylated CagA dimer via its two SH2 domains to form a stable complex (Fig. 2c) . Because ectopic coexpression of SHP-2 did not increase the CagA-CagA complex formation, CagA oligomerization did not seem to require SHP-2 (data not shown).
Identification and Characterization of Tyrosine Phosphorylation Se-
quence Unique to East Asian CagA. The amino acid sequence of the CagA proteins specified by H. pylori strains isolated in East Asian countries, where the incidence of gastric carcinoma is among the highest in the world, is significantly different from that of Western CagA (23) (24) (25) (28) (29) (30) . Most notably, predominant East Asian CagA proteins do not have the WSS but, instead, possess a distinct sequence that we designated ''East Asian CagAspecific sequence (ESS)'' in the corresponding region (Fig. 3a , and see also Fig. 5 ; refs. 23 and 24) . This observation raises an intriguing possibility that East Asian CagA is not functionally equal to Western CagA and the difference may influence the pathogenicities as well as clinical outcomes of different cagA ϩ H. pylori strains.
To address the above possibility, we wished to identify the tyrosine phosphorylation site of East Asian CagA proteins because they do not have a WSS. Intriguingly, ESS possesses an EPIYA motif, denoted EPIYA-D, and the sequence surrounding EPIYA-D of ESS is highly homologous to that surrounding EPIYA-C of WSS (Fig. 3a) . This sequence information suggests that EPIYA-D undergoes tyrosine phosphorylation and subsequently constitutes a SHP-2-binding site that is specific to East Asian CagA. To determine whether EPIYA-D is in fact such a site, we generated a 11637-CagA mutant, ABD, in which the entire EPIYA region (from residue 868 to residue 1,086, containing EPIYA-A, EPIYA-B, and three EPIYA-C motifs) was replaced with that of F32-CagA (from residue 856 to residue 1,012, containing EPIYA-A, -B, and -D motifs; see Fig. 6 , which is published as supporting information on the PNAS web site) isolated from a Japanese gastric cancer patient. We also generated a series of ABD-derivatives, aBD, AbD, and ABd, in which each of the EPIYA was replaced by EPIAA. Upon expression in AGS cells, ABD became phosphorylated at the tyrosine residue within EPIYA-D (Fig. 3b) . This tyrosine phosphorylation was an essential prerequisite for the interaction of ABD with SHP-2 (Fig. 3b) , and, again, the binding required the two SH2 domains of SHP-2 (Fig. 2a) . To compare directly the SHP-2 binding activities of ESS and WSS, complex formations between SHP-2 and ABD (1xESS), ABCcc (1xWSS), ABcCc (1xWSS), ABCCc (2xWSS), or WT 11637-CagA (3xWSS) were examined (Fig. 3c) . In AGS cells, the tyrosine phosphorylation levels of ABD were significantly lower than those of WT 11637-CagA or ABCCc, but were comparable with those of ABCcc or AbcCc, indicating that ESS and WSS are equally capable of phosphorylation in AGS cells. On the other hand, ABD showed substantially greater ability to form a complex with SHP-2 than did any of the tested types of Western CagA, including 11637-CagA having 3ϫ WSS (Fig. 3c) . This result indicates that the SHP-2 binding affinity of ESS is significantly higher than that of WSS. 
Delineation of Amino Acid Residues That Determine SHP-2-Binding
Affinity Among Distinctly Structured CagA Proteins. SH2 domains recognize phosphopeptide motifs composed of phosphotyrosine (pY) followed by several C-terminal residues. Given this, we generated ABC D cc from ABCcc, which represents the major Western CagA proteins with a single WSS, by replacing the five residues immediately following pY (i.e., positions pY ϩ 1 to pY ϩ 5) with an eight-amino acid sequence from the corresponding region of F32-CagA (see Fig. 3a , black-boxed sequences). We also generated a point mutant of ABCcc, ABC 970DF cc, in which the aspartic acid residue at the pY ϩ 5 position, the only amino acid different between WSS and ESS within the C-terminal five residues from pY, was replaced with phenylalanine to mimic the ESS sequence (Fig. 3a arrows) . Reciprocally, ABD 961FD CagA mutant was made from ABD by substituting the phenylalanine residue at the pY ϩ 5 position with aspartic acid to mimic WSS. When expressed in AGS cells, ABC D cc, ABC 970DF cc, and ABD 961FD underwent tyrosine phosphorylation at levels similar to those of ABCcc or ABD having a single phosphorylation site, but the levels were significantly less than those of 11637-CagA having three phosphorylation sites (Fig. 4a) . Despite this, ABC D cc and ABC 970DF cc exhibited much a stronger ability to form a complex with SHP-2 compared with the complex-forming activity of ABCcc (Fig. 4a) . Indeed, their SHP-2-binding activities were even greater than that of 11637-CagA. On the other hand, binding of ABD ) did (Fig. 4b) . This finding indicates that prevalent East Asian CagA proteins are more active biologically than are most Western CagA proteins in disturbing host-cell signaling pathways as a virulence factor.
Discussion
We demonstrate in this work that CagA is heterogeneous with respect to its potential for undergoing tyrosine phosphorylation, SHP-2 binding, and induction of cellular morphological changes.
Such biological diversities among different CagA proteins are caused by the variations in the number and sequences of tyrosine phosphorylation sites of the molecule. CagA proteins specified by H. pylori strains isolated in Western countries (such as those of Europe, America, and Australia) are characterized by the presence of a SHP-2-binding sequence termed WSS. Whereas predominant CagA proteins in Western isolates possess a single WSS, some have two or three WSS repeats created by sequence duplication at the C-terminal repeat region (10, (23) (24) (25) . Our results indicate that the tyrosine residue constituting the EPIYA motif in WSS undergoes phosphorylation and becomes a docking site for the SH2 domains of SHP-2. Hence, CagA proteins with a large number of WSS are expected to be more active biologically than those with a small number of WSS because they interact more effectively with SHP-2 phosphatases and more severely perturb SHP-2-dependent signaling pathways. This notion is strongly supported by the observation that the ability of CagA to induce the hummingbird phenotype, a hallmark of the CagA biological activity, is proportional to the number of WSS. This proportionality in turn suggests the presence of cagA ϩ H. pylori strains with various levels of virulence, depending on the biological activity of CagA. Our conclusion is highly consistent with results of recent epidemiological studies showing that H. pylori strains carrying CagA proteins with multiple repeat sequences are associated with severe gastric mucosal atrophy, intestinal metaplasia, and gastric carcinoma (23, 24) .
In contrast to the Western CagA proteins characterized by the presence of WSS, prevalent CagA proteins specified by H. pylori strains isolated in East Asian countries such as Japan and Korea have a distinct sequence termed ESS at the region corresponding to WSS. Replacement of WSS with ESS confers stronger SHP-2-binding activity and elevated morphology-transforming activity to Western CagA proteins. Thus, our results indicate that WSS is a low-affinity SHP-2-binding site, whereas ESS is a high-affinity site for SHP-2 binding. A majority of Western CagA proteins are less active because they have a single WSS and only weakly bind SHP-2, whereas some CagA proteins that have multiple WSS exhibit increased SHP-2-binding activity and, hence, are more active than those with a single WSS. In contrast, the predominant CagA proteins circulating in East Asia possess a high-affinity SHP-2-binding site within ESS and are more active biologically than most if not all of the Western CagA proteins. The CagA-SHP-2 interaction requires both the SH2 The immunoprecipitates (IP) and total cell lysates (TCL) were immunoblotted (IB) with antibodies as described. ABC D cc mutant was made from ABCcc by replacing a 5-aa sequence that immediately follows the phosphotyrosine (pY) with an 8-aa sequence from the corresponding region of F32-CagA (see Fig. 3a, black-boxed sequences) . A point mutant of ABCcc, ABC 970DF cc, was made by replacing aspartic acid at the position pY ϩ 5 with phenylalanine to mimic the ESS sequence (Fig. 3a arrows) . Reciprocally, ABD 961FD was made from ABD by substituting phenylalanine at the position pY ϩ 5 with aspartic acid to mimic WSS. (b) AGS cells used in a then were examined for the induction of the hummingbird phenotype.
domains of SHP-2. De Souza and coworkers (31) recently reported that the two SH2 domains from SHP-2 bind to highly related sequences, and the consensus ligand-binding motif for the N-and C-SH2 domains of SHP-2 is pY-(S͞T͞A͞V͞I)-X-(V͞I͞L)-X-(W͞F). Intriguingly, the consensus motif perfectly matches the SHP-2-binding site of East Asian CagA, pY-A-T-I-D-F. Furthermore, replacement of the pY ϩ 5 position from W͞F with any other amino acids, such as aspartic acid in the case of WSS in Western CagA, reduces the binding affinity to SHP-2. Hence, differential SHP-2-binding activities observed between WSS and ESS of CagA proteins are caused by the difference of a single amino acid at the pY ϩ 5 position. Identification of the critical amino acid residues involved in SHP-2 binding, as presented in this work, may have important clinical value for H. pylori infection, as it enables us to predict the virulence of individual cagA ϩ strains based on the CagA sequences.
We propose a previously uncharacterized model for the CagA-SHP-2 interaction: a single SHP-2 is capable of binding two tyrosine-phosphorylated CagA proteins. This model is based on the observation that the interaction of SHP-2 with CagA having a single tyrosine phosphorylation site requires both the N-and C-SH2 domains of SHP-2 and is supported by the recent finding that both of the SH2 domains recognize very similar tyrosine phosphorylated sequences as noted above (31) . Obviously, the model does not exclude the possibility that a SHP-2 molecule can also bind a single CagA protein having two or more WSS once they are tyrosine-phosphorylated. In either case, simultaneous occupancy of the two SH2 domains of SHP-2 may stabilize the CagA-SHP-2 complexes and potently stimulate the SHP-2 phosphatase activity, as has been reported (22, (32) (33) (34) (35) .
Our results indicate that the structural differences are substantially associated with functional differences between East Asian and Western CagA proteins. Endemic circulation of H. pylori populations carrying biologically more active CagA proteins in East Asian countries such as Japan and Korea, where the incidence of gastric carcinoma is among the highest in the world, may be involved in increasing the risk of gastric carcinoma in these geographic areas.
